ABSTRACT The cardiac dihydropyridine-sensitive calcium channel was transiently expressed in HEK293 cells by transfecting the rabbit cardiac calcium channel al subunit (alc) alone or in combination with the rabbit calcium channel 13 subunit cloned from skeletal muscle. Transfection with ~1c alone leads to the expression of inward, voltage-activated, calcium or barium currents that exhibit dihydropyridine sensitivity and voltage-as well as calcium-dependent inactivation. Coexpression of the skeletal muscle [3 subunit increases current density and the number of highaffinity dihydropyridine binding sites and also affects the macroscopic kinetics of the current. Recombinant ~lc[3 channels exhibit a slowing of activation and a faster inactivation rate when either calcium or barium carries the charge. Our data suggest that both an increase in the number of channels as well as modulatory effects on gating underlie the modifications observed upon [3 subunit coexpression.
INTRODUCTION
Voltage-sensitive calcium channels play an important role in a variety of cell functions by regulating calcium entry in many cell types. These membrane-spanning proteins consist of several transmembrane subunits (Takahashi, Seagar, Jones, Reber, and Catterall, 1987; Catterall, 1988) and have been classified into multiple types on the basis of their functional properties including gating behavior, single-channel conductance, pharmacology and cellular distribution (Tsien, Ellinor, and Horne, 1991) . Purification of the dihydropyridine (DHP)-sensitive, L-type Ca channel from skeletal muscle (Tanabe, Takeshima, Mikami, Flockerzi, Takahashi, Kangawa, Kojima, Matsuo, Hirose, and Numa, 1987) led to the isolation of a complex of five different subunits: al, ~2-8, [3, and ~/. Expression of different cloned L-type ~q subunits in Numa, 1989; Biel, Ruth, Bosse, Sttihmer, Flockerzi, and Hofmann, 1990) , dysgenic myotubes (Tanabe, Beam, Powell, and Numa, 1988) , murine L cells (P~rez-Reyes, Kim, Lacerda, Home, Wei, Rampe, Campbell, Brown, and Birnbaumer, 1989) and CHO cells (Bosse, Bottlender, Kleppisch, Hescheler, Welling, Hofmann, and Flockerzi, 1992) has shown that this subunit is the voltage-sensitive and pore-forming component of the channel, which contains the binding site for DHPs and other organic calcium channel blockers. Diversity among Ca channels arises from multiple genes encoding ~xl subunits as well as alternative splicing (Snutch, Leonard, Gilbert, Lester, and Davidson, 1990; P6rez-Reyes, Wei, Castellano, and Birnbaumer, 1990; Tsien et al., 1991; Snutch and Reiner, 1992) . The L-type Ca channel oq subunits are encoded by three different genes that are expressed in a tissue-specific manner (Zhang, Randall, Ellinor, Horne, Shater, Tanabe, Schwarz, and Tsien, 1993) . With regard to the 13 subunit, multiple isoforms exist in skeletal muscle, heart, brain, and possibly smooth muscle (Hullin, Singer-Lahat, Freichel, Biel, Dascal, Hofmann, and Flockerzi, 1992) , although tissue specificity has not been demonstrated. A similar pattern probably holds for the ~/ subunit, whereas the 0t2/B complex is highly conserved in all excitable tissues (Krizanova, Diebold, Lory, and Schwartz, 1993) .
Transient expression studies of DHP-sensitive Ca channels have been carried out mostly in Xenopus oocytes. The presence in this preparation of large calciumactivated chloride currents (Barish, 1983) has biased these studies to the use of Ba z+ as the charge carrier, precluding the analysis of the roles of the different subunits in the CaZ+-dependent modulation of the current. Xenopus oocytes also contain endogenous Ca channels (Singer, Biel, Lotan, Flockerzi, Hofmann, and Dascal, 1991) which might interfere with the study of the expressed Ca channel subunits. It has been reported that DHP-insensitive Ca currents arising from an endogenous al subunit can be stimulated in oocytes injected with only the 13 subunit (Castellano, Wei, Birnbaumer, and Per6z-Reyes, 1993a ). The utilization of a different expression system that circumvents these complications can complement studies in Xenopus oocytes and contribute to a better understanding of the structure-function relationship of recombinant L-type Ca channels. In the present work, we transiently expressed the al subunit of the L-type cardiac Ca channel in a mammalian cell line, human embryonic kidney cells (HEK293), alone or in combination with the skeletal muscle 13 subunit. In our experimental preparation, the use of Ca ~+ as the charge carrier allows us to study the kinetics of the DHP-sensitive Ca channel with its physiological permeant ion. Thus, it is possible to investigate the relative contributions of al and 13 subunits to the fundamental electrophysiological properties of L-type Ca channels, particularly the interplay between voltage-and Ca2+-dependent inactivation.
Our results show that transfection of HEK cells with the eq subunit of the L-type cardiac Ca channel leads to the expression of a Ca current with L-type pharmacological and kinetic properties, including the characteristic voltage-and Ca2+-dependent inactivation (Brehm and Eckert, 1978; Lee, Marbdn, and Tsien, 1985; Gutnick, Lux, Swandulla, and Zucker, 1989) . Cotransfection of the (X 1 subunit with the 13 subunit dramatically enhances the efficiency of expression of functional channels, as reflected by the increase in the number of DHP binding sites and in the magnitude of the current. In addition, kinetic analysis reveals significant changes in gating when 13 subunit is coexpressed with al.
METHODS

HEK293 Cell Transfections
HEK293 cells were purchased from American Type Culture Collection (Rockville, MD) and maintained in DMEM supplemented with 10% fetal calf serum (GIBCO-BRL, Gaithersburg, MD), 100 U/ml penicillin, 100 I~g/ml streptomycin and 2 mM L-glutamine. Cells were grown as a monolayer and plated on 35-mm Petri dishes at a density of 2-4 x 105 cells/dish the day before transfection. Transient transfections were performed using the calcium-phosphate method (Wigler, Pellicer, Silverstein, and Axel, 1978) with 2-3 I~g of plasmid DNA encoding the rabbit cardiac Ca channel ~qc subunit (Slish, Engle, Varadi, Lotan, Singer, Dascal, and Schwartz, 1989; Lory, Varady, Slish, Varadi, and Schwartz, 1993) alone or in combination with 1-2 ~g of plasmid DNA encoding the rabbit skeletal muscle [3 subunit (Pragnell, Sakamoto, Jay, and Campbell, 1991) in a molar ratio 1:1 of (eq :13). The 13 subunit cloned from skeletal muscle (131) shows extensive sequence homology with that cloned from heart (132) and functionally associates with eqc in a similar manner (Sharer, Tanabe, Zhang, Mori, Adams, and Tsien, 1993) . Because most previous subunit coexpression studies have used 131, we chose this particular isoform in order to facilitate comparison with results obtained in other heterologous expression systems. The Oqc subunit was subcloned in two different mammalian expression vectors, pGW1H (British Biotechnology Ltd., Oxford, UK) and pRcRSV (Invitrogen, San Diego, CA), and 13 subunit was subcloned in pRcRSV. In all cases, 1 I~g of RSV13-gal in pBR322, a 13-galactosidase expression plasmid, was included to permit transfection efficiency estimates by histochemical staining using X-gal (GIBCO-BRL). When the pGW1H~lc construct was used, 0.8 ~g of pTag, a plasmid encoding T antigen, was also added to the DNA transfection mixture to enhance the expression.
Electrophysiology
Functional expression of membrane currents was evaluated using the whole-cell configuration of the patch clamp technique (HamiU, Marty, Neher, Sakmann, and Sigworth, 1981) . HEK cells with no contact with surrounding cells were studied 1-5 d after transfection. A petri dish was mounted on the stage of an inverted microscope and the cells were bathed in a solution containing (in millimolar): 40 BaCI2 or 40 CaCI9, 80 CsCi, and 10 HEPES (pH 7.4 with CsOH). When DHP agents were added to this bath solution, the final concentration of ethanol from the drug stocks was always <0.1%. The patch clamp pipettes were pulled with a multistage micropipette puller (Sutter Instrument Co., Novato, CA) and heat-polished to obtain resistances between 5-10 MI'~ when filled with the internal solution. The composition of this solution was (in millimolar): 120 CsCI, 3 MgATP, 10 EGTA, 10 HEPES (pH 7.2 with CsOH). The bath solution was connected to ground via a 3M KCI agar bridge and a Ag-AgCI electrode. Whole-cell currents were recorded using a patch clamp amplifier (Axopatch 200, Axon Instruments, Inc., Foster City, CA), sampled at 10 kHz and filtered at 2 kHz (-3 dB, 4-pole Bessel filter). After establishing the whole-cell configuration, capacity transients were analoguecompensated, and the series resistance was routinely compensated by 60-70%. Currents elicited in response to depolarizing steps to potentials ranging from -60 to +60 mV were recorded from a holding potential of -80 inV. Data were leak subtracted on line by a P/4 protocol. Acquisition and analysis of the data were performed with custom software.
Pooled data are expressed as mean __ standard error of the mean. Statistical comparisons were performed with the two-tailed t test for paired or unpaired data where appropriate, and values of P < 0.05 were considered statistically different. The analysis of the differences between two groups of data when comparing more than one variable was carried out with a fully factorial analysis of variance ((M)ANOVA) using commercial software (SYSTAT, SYSTAT, Inc., Evanston, IL). All the experiments were done at room temperature (20-22~
Binding Experiments
HEK293 cells were harvested 3-4 d after transfection, and 2-4 • 105 cells were incubated in 1 ml of buffer containing (in millimolar) 140 KC1, 1.2 MgC12, 2 CaCI2 and 10 HEPES (pH 7.4 with KOH) with 0.01 to 1 nM of 3H-PN200-110 (New England Nuclear, Boston, MA). After 90 min the cells were filtered over Whatman GF/C filters using a Brandel cell harvester (Brandel Corp., Gaithersburg, MD). Specific 3H-PN200-110 activity was defined as the binding in absence of nitrendipine minus the binding in the presence of 1 ~M nitrendipine. Data were fit by a single-site binding model using nonlinear regression analysis.
RESULTS
Expression of ctl Subunit Alone
Transfection of HEK cells with the cardiac Ca channel sic subunit alone led to the expression of inward currents carried by either Ca z+ or Ba 2+. Fig. 1 A shows the current-voltage relationships for the two permeant ions obtained in one cell transfected with only sic. In both cases, the current begins to turn on at ~ -20 mV; the peak current amplitude occurred at a membrane potential of +20 mV for the Ba currents and at +30 mV for the Ca currents. The overall shape of the curves as well as the voltage and time dependence of the currents resemble those of native L-type cardiac Ca channels (e.g., Lee et al., 1985) . The figure reveals that current amplitude increases dramatically with Ba 2+ as the charge carrier. The average increase in peak amplitude when we compared Ca2+-versus BaZ+-carried inward current in slctransfected cells was 3.65 +-0.4-fold (n = 5; P < 0.005). The inset shows a representative example of the currents obtained in both conditions in the same cell at a test potential of +30 mV. It is clear that recombinant channel inactivation is faster when Ca 2+ (upper trace) rather than Ba 2+ (lower trace) is the charge carrier. Over the duration of the long (500 ms) depolarizing pulses shown in this figure, Ba currents inactivate ~ 30%, whereas there is virtually no Ca current at the end of the pulse. These data indicate that, like native channels, Ca channels formed with sic subunit alone inactivate via voltage-as well as Ca2+-dependent pathways (Lee et al., 1985; Hadley and Hume, 1987; cf. Zong, Zhou, and Tanabe, 1994) . Fig. 1 B plots the current-voltage relationship obtained in HEK cells transfected with the same amount of plasmid vector DNA but without the sic insert. Even in the presence of 40 mM Ba 2+, there is no measurable inward current at any potential. The inset shows a current record obtained during a 500-ms step to +30 inV. These data are representative of more than 50 mock-transfected HEK cells studied electrophysiologically and indicate the absence of endogenous voltage-activated Ca currents in these cells.
Dihydropyridine Sensitivity of the am-only Currents
Although the electrophysiological properties of the expressed currents are consistent with those of L-type Ca channels, Fig. 2 confirms that the barium currents expressed in cells transfected with ~lC are sensitive to DHP agonists and antagonists. Fig. 2 A demonstrates the response of a representative cell to 1 wM BAY K 8644, which increased the current at all test potentials and also shifted the peak of the current-voltage relationship towards more negative potentials and accelerated current decay. All these modifications are typical DHP agonist effects on L-type cardiac Ca channels (Sanguinetti, Krafte, and Kass, 1986) . After washing out the BAY K 8644, the addition of the DHP antagonist nitrendipine (10 ~M) completely blocked the inward current. The inhibitory effect of nitrendipine was strongly dependent on the membrane holding potential, being more potent at more depolarized voltages (not shown), as is typical for DHP block of L-type channels (Bean, 1984 and Ba ~+ currents from the same cell during steps to +30 mV. (B) Current-voltage relation in 40 mM Ba ~+ from a mock-transfected cell using the same protocol as in A. The inset shows the current elicited by a depolarizing step to +30 from -80 mV.
and Kass, 1984) . The average effect of BAY K 8644 on whole-cell conductance for seven cells transfected with 0tic alone is shown in Fig. 2 B. Application of BAY K 8644 resulted in an increase in the maximal conductance of 3.59 --0.64-fold and a shift in the VI/~ for activation from 3 -+ 1 to -20 -+ 4 mV.
Transfection Efficiency and Detection Frequency of Expressed Currents with and without fl Subunit Coexpression
Expression of the cardiac ctl subunit in other heterologous systems can be modulated by coexpression of other subunits of the Ca channel. We initiated the study of the regulation by other subunits in our preparation by examining the effects of cotransfection of the skeletal muscle [3 subunit with ale. Table I summarizes the results of our screening in the different experimental conditions tested, comparing in each situation the percentage of cells with current and the transfection efficiency. In a total of 50 transfections, the efficiency of transfection as measured by histochemical staining for 13 galactosidase ranged between 20 and 60% (43 -+ 2%). Cells that take up the exogenous DNA appear to express channels efficiently: when the current amplitude was optimized (i.e., when Ba 2+ was the permeant ion), the percentage of cells with detectable currents was close to the average percentage of cells positive for 13 galactosidase, even though the techniques used in each case (electrophysiological recording versus histochemical staining) are very different. In 40 mMBa 2+, the presence of 13 subunit did not increase the percentage of cells with measurable currents as compared with eqc-only cells, despite a large enhancement of the peak current amplitude (see below). In Ca2+-containing extracellular solutions, the percentage of cells with measurable currents was smaller than in Ba 2+, reflecting in all likelihood our inability to resolve very small currents ( < 15 pA). The maximal open state probability of L-type Ca channels is very low (< 0.06; Rose, Balke, Wier, and Marbfin, 1992) with Ca 2+ as the permeant ion, particularly at room temperature in the absence of agonist drugs; thus, the values in Table I for the percentage of cells that express Ca currents must be considered lower-limit estimates.
Binding of 3H-PN200-110 to Transfected and Nontransfected Cells
To characterize the DHP-binding affinity of the alc-transfected cells and its possible modulation by 13 subunit coexpression, we performed equilibrium binding experiments with the DHP antagonist ~H-PN200-110 (Fig. 3) . The transfected cells exhibit 2.0. 
Effect of ~ Subunit on Macroscopic Kinetics of the Ca Currents
Virtually all of the available data regarding the expression of Ca channels in heterologous systems and the modulatory role of the different subunits have been obtained using Ba 2+ as the charge carrier. For this reason, it is still unknown if the effects of coexpressing other subunits in combination with 0q are comparable with the physiological permeant ion. 1991; Varadi, Lory, Schultz, Varadi, and Schwartz, 1991; Singer, Biel, Lotan, Flockerzi, Hofmann, and Dascal, 1991; Wei, P6rez-Reyes, Lacerda, Schuster, Brown, and Birnbaumer, 1991; Hullin et al., 1992; P6rez-Reyes, Castellano, Kim, Bertrand, Baggstrom, Lacerda, Wei, and Birnbaumer, 1992) . For this reason, we have analyzed in more detail the modulation by 13 subunit of the macroscopic kinetics of the currents. at all the voltages tested. In both 0tic-and cxlCl3-transfected cells, the voltage dependence of inactivation is not monotonic but exhibits an "U" shape that may reflect a contribution of Ca2+-dependent inactivation (Eckert and Chad, 1984) .
This analysis of the inactivation kinetics does not take into account the differences in current magnitude when comparing eqc-versus 0qcl3-expressing cells and consequently does not enable us to elucidate whether the changes in inactivation are simply due to increased Ca2+-dependent inactivation. Fig. 6 addresses this point by plotting the percentage of current remaining at 50 ms in eqc-and Oqcl3-transfected cells as a function of the current amplitude at two representative voltages. The data suggest that the increased current amplitude observed in the 13-cotransfected cells might not be the only factor involved in their faster inactivation because when the magnitude of the currents is comparable, there is still a tendency towards an increase in the speed of inactivation of the alC13-coexpressing cells. Intrinsic effects of 13 subunit coexpression on gating might be more evident with Ba 2+ as the charge carrier, so this was our next approach.
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[3 Subunit Modulation of Ba Currents
Using Ba 2+ as the permeant ion, the role of current-dependent inactivation is minimized because the kinetics of the currents are not affected by their absolute magnitude (Lee et al., 1985) . current amplitude of a magnitude similar to that observed when Ca 2+ is the permeant ion. There is also a shift of the current-voltage relationship in the hyperpolarizing direction, consistent with previous studies using Xenopus oocytes (Wei et al., 1991; P~rez-Reyes et al., 1992; Castellano et al., 1993a; Neely, Wei, Olcese, Birnbaumer, and Stefani, 1993) . It is noteworthy that Ba currents in the alC13-cotransfected cells showed consistently slower decay of the tail currents. Such currents were not resolved in the absence of BAY K 8644 in cells transfected with alC alone. The observation of tail currents presumably indicates a slowing of channel deactivation and suggests that modulation of gating may be one of the mechanisms involved in the effects of 13 subunit on current amplitude.
With regards to the DHP sensitivity of the recombinant Ba currents, 13 subunit coexpression has been reported to reduce or even to eliminate the agonist effect of BAY K 8644 in oocytes and L cells (Varadi et al., 1991; Singer et al., 1991; Hullin et al., 1992) , whereas other studies report no modification of the response to BAY K 8644 (Wei et al., 1991; P6rez-Reyes et al., 1992) . In our preparation, the application of 1 ~M BAY K 8644 to the Cqcl3-cotransfected cells produced a smaller increase in current amplitude as compared to that observed in cells transfected with eric alone. The percentage of current remaining 500 ms into the depolarizing pulse is plotted as a function of membrane potential. The differences between the two conditions were also statistically significant (P < 0.05; n = five to eight cells per point).
0qc-transfected cells (mean + SEM of six and seven cells, respectively). This difference is statistically significant (P < 0.02) and supports our previous suggestion that the presence of 13 subunit might induce changes in basal gating behavior that make the channels appear to be less responsive to DHP agonists. Fig. 8 summarizes the macroscopic gating properties of the Ba currents expressed in tXlC-or in otlC[3-transfected cells. Activation is clearly voltage dependent when Ba 2+ is the permeant ion (Fig. 8 A) , regardless of the transfection conditions, being faster at more depolarized potentials. Activation in 40 mM Ba 2 § becomes slower upon coexpression of 13 subunit. This effect is most pronounced at the more negative potentials, although the difference was statistically significant at all the voltages tested. Inactivation was quantified by measuring the percentage of current remaining at 500 ms (Fig. 8 B) instead of the 50 ms chosen for the study of inactivation when Ca 2+ carried the charge. In both cases, the proportion of current that inactivated at the different voltages was similar. In 40 mM Ba 2+, the inactivation process exhibits a monotonic voltage dependence, and the presence of 13 subunit produces a significant acceleration in inactivation at positive voltages. These data indicate that cotransfection with 13 subunit modulates the kinetics of the recombinant channels and lead us to conclude that the modifications of inactivation kinetics observed for Ca currents upon 13 subunit coexpression involve a direct effect on gating in addition to a simple enhancement of Ca2+-dependent inactivation. Figs. 1 and 2 ) and other organic channel blockers (data not shown). In addition, our data indicate that Ca2+-dependent inactivation of the L-type Ca channel is also an intrinsic property of the alC subunit. This conclusion provides a structural basis for recent electrophysiological data reporting that the high local concentrations of Ca 2+ required for CaZ+-dependent inactivation can be reached only at short distances from the mouth of the channel (Imredy and Yue, 1992; Shirokov, Levis, Shirokova, and Rios, 1993) , consistent with studies of cardiac Ca channels in lipid bilayers (Rosenberg and Haack, 1994) . Welling, Kwan, Bosse, Flockerzi, Hofmann, and Kasset (1993) also found that the al subunit of the vascular smooth muscle L-type Ca channel, stably transfected in CHO cells, sufficed to confer Ca2+-dependent inactivation.
Effects of ~ Subunit Coexpression on the Macroscopic Kinetics of Ba Currents
DISCUSSION
Effects of Cardiac Ca Channel al Subunit Expression
Effects of [3 Subunit Coexpression on Current Amplitude
Although the al subunit embodies the essential properties of a Ca channel, coexpression with small subunits alters the functional properties of the current. This modulatory role of the non-al subunits in channel activity is universally accepted, but the literature is full of discrepancies regarding the contribution of each of these subunits to the biophysical properties of the channel. It is likely that most of the variability in the reported results arises from the use of different heterologous expression systems and/or different sources of the subunit-encoding genes. Effects of coexpression of the [3 subunit with the DHP-sensitive cxl subunit have been studied using mainly Xenopus oocytes (Singer et al., 1991; Wei et al., 1991; Hullin et al., 1992; P~rez-Reyes et al., 1992; Castellano et al., 1993a) , although there are some studies in mammalian cell lines Varadi et al., 1991; Lory et al., 1993; Nishimura, Takeshima, Hofmann, Flockerzi, and Imoto, 1993) . In all cases, coexpression of any [3 subunit with CXzc results in an increase in the amplitude of the barium currents, within a broad range (from threefold to more than 100-fold).
Increases of more than two orders of magnitude were observed when the expression of cXzc alone was barely resolvable and probably overestimated the genuine effect of adding [3 subunit. In our system we observed an increase in the peak current amplitude that is at the low end of the range of those previously reported and was equivalent using either Ca 2+ or Ba 2+ as the charge carrier (3.2 and 3.1 times, respectively), even though the absolute magnitude of the currents was about fourfold larger in the presence of Ba 2+.
Possible Mechanisms Underlying the Effects of [3 Subunit Coexpression
The mechanism by which 13 subunit modulates Ca channel activity is still not clear. Changes in current density can be achieved either by increasing the number of functional Ca channels in the cell surface (by altering membrane trafficking, post-translational maturation or metabolic degradation) or by modulation of the gating of those channels that do reach the cell surface. Coexpression of cXlc with 13 results in a significant increase in the total number of DHP binding sites (Bmax) without altering the apparent dissociation constant. These results, together with the increase in the magnitude of the macroscopic currents, are consistent with the hypothesis that an increase in the number of functional channels represents one mechanism mediating the effects of [3 subunit cotransfection. Nevertheless, recent electrophysiological data in Xenopus oocytes by Neely et al. (1993) suggest that [3 subunit does not alter the surface membrane density of ~xlC. These authors showed that potentiation by [3 subunit of the ionic current induced by ~xlC is due to an increase in the open probability of the channel and not to a change in the number of expressed channels (as gauged by gating current density). In support of this interpretation, Nishimura et al. (1993) failed to detect by immunoblotting an increase in the expression of alC by cotransfection with 13 subunit in stably transfected CHO cells, even though they found large increases in high-affinity DHP binding sites and in current amplitude in the presence of 13 subunit. These two groups of workers speculated that [3 subunit coexpression may induce a shift in the equilibrium of cxl between two DHP-binding states, one of which has such a low binding affinity that it is not detectable experimentally. Although our data raise the possibility that coexpression of 13 subunit increases the number of functional Ca channels in HEK cells, some of the experimental findings clearly reveal a modulatory effect of 13 subunit on the gating of the channel. In this context, the slow decay of the Ba tail currents in the ~XlC[3-cotransfected cells (Fig. 7) may reflect an increase in the number of channels that exhibit the gating mode characterized by long-lasting openings and brief closures ("mode 2" of Hess, Lansman, and Tsien, 1984) . If so, the decreased effectiveness of BAY K 8644 in cqc13-cotransfected cells may simply reflect a higher proportion of mode 2 activity under drug-free conditions, since the DHP agonists act by favoring this mode of gating (Hess et al., 1984) .
Modulatory Effects of fl Subunit on Macroscopic Kinetics
The inactivation of L-type Ca channels involves at least two mechanisms, including a fast Ca2+-dependent component and a slower voltage-dependent component (Lee et al., 1985; Hadley and Hume, 1987) . In native L-type Ca channels, Ba 2+ does not substitute for Ca 2+ in supporting Ca2+-dependent inactivation. Our results with both Ca 2+ and Ba 2+ as permeant ions reveal a significant increase in the rate of inactivation over a broad range of voltages. Heterologous expression of Ctlcl3 in
Xenopus oocytes does not alter the rate of inactivation of Ba currents as compared with oqc alone (Wei et al., 1991; Singer et al., 1991) . However, when the neuronal class C cq subunit, which appears to arise from the same gene encoding the cardiac and smooth muscle Ctl subunits, is coexpressed with the skeletal muscle [3 subunit in oocytes there is an increase in the speed of inactivation without a change in voltage dependence (Tomlinson, Stea, Bourinet, Charnet, Nargeot, and Snutch, 1993) . The only study available reporting some effect on the inactivation kinetics when [3 subunit is coexpressed with OtlC in a mammalian cell line was carried out in L cells ; an increase in the rate of inactivation was described, albeit in the presence of BAY K 8644 which complicates the kinetic analysis of the data. Our findings regarding activation kinetics disagree with previous studies using different expression systems. When comparing the activation kinetics of <Xlc versus oqc13 in Xenopus oocytes, either no effect (Singer et al., 1991) or an increase in the speed of the activation has been reported, the latter effect in the presence of BAY K 8644 (Wei et al., 1991) . Such an increase in the rate of activation in BAY K 8644-containing solutions was also reported in L cells cotransfected with 0qc[3 . Nevertheless, coexpression of alc with the three other isoforms of the 13 subunit in oocytes is able to produce an acceleration of activation in DHP-free solutions (P6rez-Reyes et al., 1992; Hullin et al., 1992; Castellano et al., 1993a, Castellano, Wei, Birnbaumer, and Per6z-Reyes, 1993b) . All these studies were carried out using Ba z+ as the permeant ion, and in this condition we found a significant slowing in the time course of activation at all the voltages tested. The same effect is observed when Ca 2+ carries the charge.
Taking these results together, it is likely that the difference in the genetic background of the heterologous system used for expressing the Ca channel subunits (Xenopus oocytes versus a mammalian cell line such as HEK cells) can explain most of the differences between our study and previous reports on the kinetics of the recombinant Ca channel using the same subunits. For example, the difference in the kinetics of the currents recorded upon expression of alC alone is remarkable. Whereas in HEK cells the time courses of activation and inactivation are close to those reported in native channels, in Xenopus oocytes they are anomalously slow in all the studies. When [3 subunit is coexpressed, and especially if a2 is also present, there is a dramatic acceleration of both activation and inactivation in oocytes, which tends to normalize the kinetics of these recombinant channels. Chinese hamster ovary (CHO) cells can stably and robustly express L-type calcium channels whose properties resemble those of native channels, but so far they have proven to be of little utility in transient expression studies. Comparison of HEK cells with other mammalian expression systems used to study transiently expressed recombinant Ca channels (mainly L cells) shows that they are able to express Ca channels in a more efficient way, thus enabling resolution of the kinetics of currents carried by Ca 2+ or Ba 2+ in solutions free of DHP agonists.
